Patterns of radiocarbon exchange between photosynthetic intermediates of the chilling sensitive Sorghum bicolor were modified by exposure to a combined environmental stress of low temperature (10 C) and moderate light levels (170 w m-2, visible). Pulse chase experiments with"CO2 showed that this stress initially slowed the release of photosynthetically absorbed radiocarbon from malate. Further exposure caused an increased proportion of the radiocarbon to accumulate in aspartate. This trend continued, so that after 30 hours, some 80% of absorbed radiocarbon remained in aspartate after 1 minute of chasing and subsequent release of carbon into the C3 cycle was very slow. In Sorghum, chilling combined with light seemed to cause a restriction in an early step of the C pathway before ultrastructural changes could be detected in the mesophyll chloroplasts.
Chilling temperatures combined with high levels of light have been shown (6, 8) to cause a progressive reduction in the photosynthetic capacity of the leaves of several plants of tropical and subtropical origin. Chloroplasts, which were most exposed to light during such environmental stress, underwent marked and quite rapid ultrastructural changes before finally bursting and contributing to cell and eventual leaf necrosis (9) . Many C4 photosynthetic pathway species (3) seemed to be particularly chilling-sensitive, and in these plants chilling under high light rapidly altered the level of amino acids formed from intermediates of the C4 pathway (10) . This led us to suggest that some time-and temperature-dependent blockages were developing in the interconversion of C4 pathway intermediates and possibly in the flow of other intermediates to maintained at -70 C. CO2 supply was not limiting during this period of time, since leaves maintained continuously at 25 C used less than one-fifth of the available CO2 during the 20-sec pulse, while those at 10 C fixed less (see "Results").
Leaf discs were ground first in the killing medium, then reextracted with 50% aqueous methanol, and the combined supernatants were separated into phases by adding water and chloroform. Aliquots of the aqueous layer were separated on thin layers of MN 300 cellulose after first being passed through Sephadex G25. Two-dimensional chromatography in watersaturated phenol followed in the second direction with a propyl acetate based solvent (1), or a combination of thin layer electrophoresis followed by chromatography (7) were both used. Developed plates were then autoradiographed and radioactive areas removed after coating the plates with collodion (2).
RESULTS AND DISCUSSION
Photosynthetic rates of Sorghum leaves prior to stress treatment were 20 to 22 X 10-' mg CO2/ cm' min at 25 C, corresponding to a radiocarbon uptake of 2.8 X 106 dpm/20 sec pulse in each leaf disc. Chilling progressively reduced this rate so that fixation in experiments shown as Figure 1 , B, C, D, E, and F, fell to 42, 40, 7, 40, and 35%, respectively, of that at 25 C. Because of this, label in the major products, aspartate and malate, has been expressed as a percentage of the total radiocarbon isolated from the chromatograms. Other components not represented accounted for less than one-tenth of this total, while higher molecular weight compounds excluded (Fig. 1, C and D) . After only 6.5 hr at 10 C, the proportion of radiocarbon initially transferred into aspartic acid was higher and label was not lost so rapidly into subsequent photosynthetic intermediates. After 30 hr, this effect was very marked, with nearly 80% of the assimilated radiocarbon remaining in aspartate after 1 min chasing. This pattern became more pronounced, the longer the period of low temperature, high light stress. For example, 54 and 78 hr of stress treatment caused 60 and 80% of assimilated radiocarbon to be retained in aspartate after 10 min of chasing. Irregularities were often seen in graphs of the data obtained from more seriously injured leaves (Fig. ID) . The smaller the amount of radiocarbon absorbed by individual discs taken from a leaf, the greater was the proportion of this radiocarbon seen in aspartate in these discs. Enhanced labeling of aspartate seems to be symptomatic of the damage process. Chilling Sorghum under high light may cause some serious restriction in the conversion of oxaloacetate to malate so that carbon entering the C, cycle (3) is trapped in aspartate.
In support of this, we noted previously (10) that the level of free aspartate in Sorghiumn more than doubled during the 2nd day of stress treatment, while alanine levels fell sharply. This fall in alanine could have arisen from a reduced supply of 3-carbon intermediates in later parts of the C4 pathway (3). One might also predict that malate would also be depleted under the same conditions, and yet we reported (10) that total malate levels were reduced only slowly by this stress. The pool of photosynthetic malate is thought to be quite small (5) (Fig. 1F ) from those seen after 10 min at 10 C. Proportionate labeling of the phosphate ester pool was increased, however, and the lag in sucrose labeling became more pronounced.
Correlation with Chloroplast Ultrastructural Changes. We have described previously (9) , the rate and type of ultrastructural change which mesophyll chloroplasts of Sorghum undergo when exposed to the same stress conditions as used in this present labeling work. No chloroplast ultrastructural changes were detected after 6 hr of chilling at high light.
After 30 hr of stress, only about one-third of chloroplasts in cells of the upper mesophyll were badly swollen, others less exposed to light in the same cells had just commenced thylakoid contraction, whereas the majority of mesophyll chloroplasts showed only a reduction in starch grain size. Yet we have shown that patterns of photosynthetic radiocarbon exchange, which presumably integrate the functioning of the whole mesophyll, have been significantly disrupted by this time. Changes in the rate of flow of radiocarbon between photosynthetic intermediates were in fact commencing after only 6.5 hr of stress. It seems that the phenomena which lead to a proportionate increase in aspartate labeling precede any visible changes in chloroplast structure.
